Significant advancements in amidoxime-based polymeric adsorbents to extract uranium from seawater are achieved in recent years. The success of uranium adsorbent development can help provide a sustainable supply of fuel for nuclear reactors. To bring down the production cost of this new technology, in addition to the development of novel adsorbents with high uranium capacity and manufacture cost, the development of adsorbent re-using technique is critical because it can further reduce the cost of the adsorbent manufacture. In our last report, the use of high concentrations of bicarbonate solution (3M KHCO3) was identified as a cost-effective, environmental friendly method to strip uranium from amidoxime-based polymeric adsorbents. This study aims to further improve the method for high recovery of uranium capacity in re-uses and to evaluate the performance of adsorbents after multiple re-use cycles.
Objective
The Pacific Northwest National Laboratory (PNNL) has a level 3 milestone (M3FT-16PN030201047) due on September 30, 2016 to optimize the bicarbonate elution process for extraction of uranium from amidoxime-based adsorbents. This report is a continuing effort of a prior level 2 milestone report (M2FT-15PN0310051) entitled "Demonstrate the alternative desorption agents that can effectively remove uranium from adsorbent materials under natural seawater conditions". In the present report, an improved uranium desorption method was developed to efficiently strip uranium from amidoxime-based adsorbents. Specific attention is addressed to adsorbent performance in multiple loading/stripping cycles under real seawater conditions. Performance parameters which were evaluated included: (1) length of seawater exposure time; (2) performance of different adsorbent formulations; (3) stability of amidoxime ligands to repeated loading/stripping cycles and seawater exposure time.
Background
The U. S. Department of Energy, Office of Nuclear Energy, Fuel Resources Program is developing adsorbent technology to extract uranium from seawater. The need for development of this technology is to provide a sustainable and economically viable supply of uranium fuel for nuclear reactors (U.S Department of Energy, 2010). A key component in the development of this technology is the ability to reuse the adsorbent material repeatedly through multiple deployment/uranium stripping cycles (Lindner and Schneider, 2015) . Among three major components in the cost analysis (adsorbent production, deployment, and extraction), adsorbent production is usually the major cost in the seawater extraction process. Efficient re-use of an adsorbent can significantly lower the overall cost of producing uranium from a seawater resource (Schneider and Sachde, 2013) .
In our prior report on adsorbent reusability, three adsorbent elution methods, diluted acid leaching followed by KOH re-conditioing, KHCO3 elution, and KHCO3 elution followed by tiron elution, were critically evaluated by using several ORNL amidoxime-based polymeric adsorbents . We found that the ORNL amidoxime-based adsorbents had a significant loss of uranium adsorption capacity when dilute acid was used to strip off the uranium and other adsorbed elements, followed by KOH re-conditioning for re-use. This process resulted in degradation of amidoxime ligands and also physically damaged the adsorbent. KHCO3 elution, on the other hand, is a mild uranium elution method and was shown to be very selective for removing U from amidoxime-based adsorbents. The recovery of uranium adsorption capacity after re-use by using KHCO3 elution, however, was still not ideal (54% recovery with the first re-use). Adding a tiron rinse to the scheme, which removes iron from the adsorbent, did not improve recovery for uranium. Nevertheless, the discovery of KHCO3 elution as a novel, environmental friendly uranium stripping method still holds great promise.
Another major finding of the previous work was that the uranium adsorption rate of the ORNL AF1 braid decreased with re-use with the KHCO3 elution method. One-site ligand saturation modeling shows that the half-saturation time of the re-used adsorbent is three times longer than that of the new adsorbent, while the saturation capacity of re-used adsorbent and the new adsorbent are comparable (Table 1) . We hypothesized that the slowdown of uranium adsorption rate may be related to the adsorption of dissolved natural organic matter (NOM) on the uranium adsorbent during seawater exposure, as dissolved organic matter (DOM) is ubiquitous in natural waters and can't be removed by 0.45 um filtration. A preliminary test was then conducted to examine the potential effect of DOM adsorption on the reusability performance of the uranium adsorbent. In addition to KHCO3 elution, a 0.5 M NaOH rinse was applied to some braid snips taken from an ORNL AF1 braid that had undergone 42 days of seawater exposure to remove organic matter adsorbed on the uranium adsorbent. The NaOH treatment is considered a simple, mild way for NOM removal since humic acid (a major component in NOM) can dissolve in the alkaline solution and amidoxime ligands arestable in alkaline solution at room temperature (Kang et al., 2012) . Comparison of uranium capacity of the re-deployed KHCO3 treated adsorbent and the KHCO3 + NaOH treated adsorbent show that the adsorbent treated with the NaOH rinse had a higher U adsorption capacity (33% higher) than those that received no NaOH treatment (Figure 1 ). This test provides the first evidence that adsorption of DOM from seawater onto the adsorbent material during extended seawater exposure may be influencing U adsorption capacity. In the present study, we conducted an in-depth evaluation of the modified uranium stripping method: KHCO3 elution + NaOH rinse. ORNL adsorbents were subjected to several adsorption/stripping cycles to understand the change of recovery of uranium adsorption capacity with re-use. The performance of different ORNL adsorbent formulations and effect of different seawater exposure times was also investigated. Information from both spectroscopic analysis and elemental distribution were used to help elucidate the causes of change in adsorbent reusability. The ultimate goal is to find an optimal loading/stripping procedure and associated deployment time that yields the most uranium from seawater, thereby lowering operational costs.
Experimental Approach
Amidoxime-based polymeric braid adsorbents were deployed in a flume system exposed to ambient filtered seawater at 20°C for a multi-cycle adsorbent re-use study. Stripping of uranium from the braids for re-use was conducted using the sequential potassium bicarbonate and NaOH elution scheme that was developed previously. Adsorption kinetics and adsorption capacity were assessed using time series determinations of uranium adsorption and one-site ligand saturation modeling. Adsorbents were further characterized by FTIR spectroscopic measurements to investigate potential chemical alterations of adsorbent materials after seawater exposure and adsorbent recycling.
Ambient Seawater Exposure Systems at PNNL
Marine testing was conducted at the Marine Sciences Laboratory (MSL), a coastal based marine laboratory within PNNL, using ambient seawater from Sequim Bay, WA. The MSL has a seawater delivery system that can provide ambient seawater into a "wet laboratory" for scientific investigations. Ambient seawater is drawn by pump from a depth of ~10 m from Sequim Bay through a plastic pipe. Raw seawater is pumped directly into the laboratory for use. Filtered seawater is obtained by first passing raw seawater through an Arkal Spin Klin™ filter system (nominal pore size 40 µm) to remove large particles. The partially filtered seawater is then stored in a large volume (~ 3,500 gal) reservoir tank outside the laboratory. This seawater is gravity fed into the laboratory research facilities through PVC piping where it can be passed through additional filtration to remove finer particles if needed at the point of use. Additional details about the seawater exposure system at PNNL are given in Gill et al. (2016) .
The Pacific Northwest National Laboratory has developed flow-through channels for conducting flume experiments under controlled temperature and flow-rate conditions. Different size pumps and flume dimensions are used to create a range in flow-rate (linear velocity). The flumes were constructed with different dimensions and recirculating pump sizes for conducting exposure tests with braided adsorbent material under controlled temperature and flow-rate (linear velocity) conditions. The target linear velocity is 2 cm/sec, which is approximately the linear velocity being used for testing with flow-through columns at PNNL . The flumes were constructed of darkened acrylic material to limit biological growth. Figure 2 is a cross sectional view of the flume design illustrating the recirculation system and seawater inlet. A picture of the three flumes is shown in Figure 3 . Fresh seawater is fed into the flume at flow-rates up to 5 L/min using the seawater manifold delivery system described in Gill et al (2016) . A tubing line was run from one or more of the manifold ports directly into the flume to achieve the desired seawater delivery rates. The rate of fresh seawater delivery was controlled using a needle valve mounted on one or more ports in the manifold. The height of water in the flume is controlled by the height of the stand pipe, which can be varied between approximately 7 and 11 inches (18-28 cm). Water within the flume rises until it reaches the height of the standpipe and then spills out of the flume through the standpipe. Raising or lowering the water height changes the cross sectional area of the water in the flume, which in turn is a means to control the linear velocity in the flume.
Shown in
Braided adsorbents were placed into the flumes for exposure by attaching them to a short length of ¼ inch polyethylene tubing with cable ties and inserting one end of the tubing into a small block mounted on the bottom of the flume into which a ¼ inch hole has been drilled ( Figure 4) .
The rate at which fresh seawater is fed into the system and the internal volume of the flume controls the residence time of seawater in the system. For example, with the 6 ft. flume, the water residence time is ~20 minutes. The time to recirculate water is much faster. At a recirculation flow rate of 87 L/min, the water in the flume is recirculated once every 24 seconds. 
Water Quality, Temperature and Flow-rate Monitoring
Salinity and pH measurements of the seawater exposure system were obtained using handheld probes several times a week during the exposure periods. Salinity was monitored using a YSI model Pro30 and pH measurements were made using a portable pH meter (VWR Scientific) equipped with a temperature compensating glass electrode that was calibrated with National Institute of Standards and Technology (NIST) traceable buffers. The pH and salinity probes were calibrated weekly. High frequency (every 10 minutes) measurements of temperature in the seawater exposure systems were obtained with a thermocouple interfaced to an Omega 4 channel meter and data logger (model HH1384).
Flow-rate in the flow-through columns was monitored using an in-line turbine-style flow sensor (Model DFS-2W, Digiflow Systems) placed at the outlet of the flow-through columns. Flow-rate in the flumes was monitored using an in-line flow-meter on the recirculation line. The flow-rate in the flume was adjusted by constricting the output from the recirculation pump using a gate valve. The flow-rate was adjusted for both the columns and flume exposures to yield a linear velocity of 2 cm/sec, consistent with the flows used for seawater exposures at PNNL .
Analytical Methods

Determination of Uranium and Trace Elements on Adsorbent Materials
Analysis of uranium and other elements retained on the adsorbents was conducted at PNNL. Adsorbent materials exposed to seawater were washed with deionized water to remove salts, and the monitoring the process with a conductivity meter. Samples were then dried at 80°C to a constant weight using a heated block (ModBlock™, CPI International). The dried fibers (50 to 100 mg) were weighed and then digested with 15 mL of a high-purity (Trace Metal Grade, Fisher Scientific) 50% aqua regia acid mixture (3:1; hydrochloric acid: nitric acid) for 3 hours at 85°C on a hot block. Analysis of uranium and other trace elements was conducted following dilution of the digestate with 20 mL of de-ionized water using either a Perkin-Elmer 7300 DV inductively coupled plasma optical emission spectrometer (ICP-OES) or a Thermo Scientific ICap™ Q inductively coupled plasma mass spectrometer (ICP-MS). Quantification with both instruments is based on standard calibration curves.
Determination of Uranium and Other Elements in Seawater
Determination of uranium and other elements in natural seawater samples was conducted at PNNL's Marine Sciences Laboratory using ICP-MS and either the method of standard addition calibrations or the samples were pre-concentrated onto a chelating ion exchange resin to minimize the seawater matrix, followed by acid elution with quantification against a standard calibration curve prepared using on-line pre-concentration . On-line preconcentration of uranium was conducted using the seaFAST S2™ automated sample introduction system (Elemental Scientific) utilizing a seaFAST PFA chelation column packed with iminodiacetic acid chelating ion exchange resin (ESI, Seawater Concentrator Column CF-N-0200). Analytes were eluted off the column using 10% HNO3 and detected using a Thermo Elemental ICapQ ICP-MS.
3.3.3
Fourier Transform Infrared Spectroscopy (FTIR) Analysis FTIR spectra were acquired using a ThermoNicolet 6700 ATR-FTIR spectrometer equipped with a DTGS detector shown in Figure 5 . FTIR measurements were made with a SplitPea attenuated total reflection accessory (Harrick Scientific Corporation) along with a silicon internal reflection element used as a reflection medium. High resolution FTIR spectra in the range of 4000−700 cm-1 were acquired using 500 co-added scans at 2 cm-1 resolution with Norton-Beer "medium" apodization function. 
One-Site Ligand Saturation Modeling
Measurements of the adsorption of uranium and other elements from seawater as a function of time onto the adsorbent materials were used to determine the adsorbent capacity and adsorption rate (kinetics) of uranium and other elements. Determination of adsorption capacity and kinetics was conducted using one-site ligand saturation modeling, which was parameterized using the software graphics program SigmaPlot©. The best-fit line representing the time series adsorption of uranium is given by:
Where u is uranium capacity (g U/kg adsorbent), t is exposure time (days), βmax is the adsorption capacity at saturation (g U/kg adsorbent), and Kd is the half-saturation time (days).
Prior to determination of adsorption capacity and kinetics, the individual capacity determinations were normalized to a salinity of 35 psu using simple proportional relationships. This normalization removes the differences that result from exposures in seawater with varying salinity and hence uranium concentrations. This salinity normalization is also done for the other elements as well, but the normalization is less well defined for non-conservative elements in seawater.
Recycling Approaches for Re-use of Amidoxime-Based Uranium Adsorbents
For uranium adsorbents to be repeatedly used, it is important to have recycling approach that can effectively strip off uranium from the adsorbents without causing a significant performance impact on uranium adsorption capacity. A typical approach to recover uranium adsorbents is acid elution (e.g. HCl) (Suzuki et al., 2000; Seko et al., 2005; Pan et al., 2014) . However, it is also known that acid elution (0.5 M HCl) can deteriorate the adsorbent due to acid hydrolysis of amidoxime groups (Pan et al., 2014) . Alternative mild uranium stripping approaches were thus developed for uranium adsorbent re-use (Pan et al., 2014; Pan et al., 2015) . However, natural organic matter (NOM) adsorbed on the surface of the adsorbent could affect the rate of uranium adsorption/desorption and thus affect the reuse of adsorbent in real seawater experiments. The NOM effect is not observed in the simulated seawater experiment. Therefore, in the present study, we developed and evaluated the effectiveness of a sequential potassium bicarbonate and NaOH elution method. A detailed description of the sequential bicarbonate and NaOH elution approach follows.
Recycling Approach: Bicarbonate -NaOH Coupled Elution
In real seawater experiments, the adsorption of natural organic matter (NOM) can affect the uranium adsorption capacity of the recycled adsorbent. After weeks of real seawater exposure, the adsorbents exhibited a dark brown color (adsorbed NOM) which was not observed in the simulated seawater experiment. Neither bicarbonate elution nor HCl leaching removed the dark color. However, using an alkaline solution soaking under room temperature, the braid changed color from dark brown to light brown. Since NOM such as humic substances can be dissolved in alkaline solutions, this observation provides preliminary evidence of NOM adsorption by amidoxime-based polymeric adsorbents during exposure in real seawater. The seawater-exposed adsorbent was treated first by the bicarbonate elution method (3 M KHCO3 at 40°C for 24 hours) to strip off uranium followed by a NaOH soaking (0.5 M, at room temperature for 3 hours) to remove NOM from the adsorbent. Without the NaOH treatment, the recycled adsorbent with only KHCO3 elution showed about 45% reduction in uranium adsorption capacity in the seawater exposure experiment.
Preparation of Amidoxime-based Polymeric Adsorbent Braids
Several formulations (AI8, AF8, AF1, AF1-DMSO) of amidoxime-based, high-surface area polyethylene fibrous braids were prepared by Chris Janke, Richard Mayes, and Sadananda Das at Oak Ridge National Laboratory (ORNL) using the radiation-induced graft polymerization (RIGP) method (Kim et al., 2013 (Kim et al., , 2014 Janke et al., 2013; Das et al., 2016a; Das et al., 2016b; Das et al., 2016c) . The RIGP method involves four processing steps: (1) electron beam irradiation of high surface area polyethylene fibers, (2) co-grafting polymerizable monomers containing nitrile groups and hydrophilic groups to form grafted side chains throughout the fiber, (3) conversion of nitrile groups to amidoxime groups, and (4) alkaline conditioning of the grafted fibers. Grafted braid materials were shipped dry to PNNL and they were conditioned immediately before the seawater exposure. The conditioning procedure consisted of gently stirring the fibers in a 2.5% (~0.44 M) potassium hydroxide (KOH) solution at 80°C for 1 hour. One mL of KOH solution was used per mg of adsorbent material. Due to the large size of braid material (up to 7 g), conditioning was conducted in a carboy and heated using an incubated shaker (Thermo Scientific MaxQ TM 6000). Immediately after conditioning, the braids were rinsed several times with deionized water until neutral pH was reached. The conditioned braids were stored in a pre-cleaned HDPE bottle filled with deionized water until placed in the flume for natural seawater exposure.
Multi-cycle Adsorbent Re-use Test
A multi-cycle adsorbent re-use test was conducted using several different formulations of the amidoxime-based polymer adsorbents provided by ORNL (described above). Exposures were conducted with natural filtered seawater using the PNNL flume system described previously. The seawater exposure cycle for ORNL braids were either 28-or 42-day in duration. The procedure includes an initial seawater exposure, a sequential KHCO3 and NaOH elution to remove uranium and other trace elements, and then re-deployment to the flume to start the next re-use cycle. During the seawater exposure, a "snip" of approximately 100 mg of adsorbent fiber was taken from each braid at different time points using a pair of titanium coated scissors. These time series subsamples provide the sorption kinetics information of uranium and other trace elements. Furthermore, we sampled some adsorbent fibers in every major adsorbent treatment step, including before and after KOH conditioning, after each cycle of seawater exposure, and after each chemical treatment.
Flume Operation
The 122 cm (4 ft.) length by 20.3 cm (8 inches) width opaque flume was used in this study. The water depth in the flume was held at 22.9 cm (9 inches) making the total volume in the flume 57 L. The flow rate of fresh filtered (0.45 µm) seawater was introduced at ≥3 L/min. The seawater recirculation pump was adjusted to 50 L/min (LPM). The combination of the introduction of fresh seawater and recirculated seawater produced a linear velocity of 2.0 cm/second. Seawater temperature was controlled at 20°C.
Characterization of Adsorbents
All samples were characterized with Fourier Transform Infrared Spectroscopy (FTIR) and trace element analysis. These determinations provide valuable information on potential alterations of surface functional groups during different treatments and repeated seawater deployment.
Results and Discussion
Improvement of Adsorbent Reusability by Organic Matter Removal
As shown in the preliminary test (Figure 1) , treatment of the seawater-exposed adsorbent with an alkaline solution such as NaOH improves the uranium adsorption capacity upon re-use. We conducted a follow-up to examine OM adsorption and removal from seawater exposed braids using a NaOH rinse. Three seawater-exposed ORNL braids, including one AI8 braid and two AF1 braids, were rinsed for three hours with 0.5 M NaOH after being stripping of uranium using 3 M KHCO3 elution. The NaOH solutions were analyzed for DOC analysis using a total organic carbon analyzer (Shimadzu TOC-LCSH). Table 2 lists the OC content removed from the braids in the NaOH rinse. Substantially more OC was removed from the 42-day seawater exposed AF1 braid (>50%) than the two 28-day seawater exposed braids, which have similar OC removal although they are different adsorbent types (AF1 and AI8). The difference in OC removal between 28-d and 42-d braids suggests that longer exposure times leads to increased OM adsorption. The test also demonstrates that 0.5 M NaOH rinsing can be used to remove adsorbed OM from the adsorbents, but it is unclear how efficient the alkaline rinsing is at removing all the adsorbed OM. Figure 7 shows a comparison of uranium adsorption kinetics before and after re-use with the adsorbent recycling procedure (KHCO3 elution + NaOH rinse). Two individual ORNL AI8 braids were used, one braid underwent a 28-day seawater exposure cycle and the other was in a 42-day seawater exposure cycle. Both braids demonstrated excellent recovery of uranium adsorption capacity upon re-use. The recoveries of uranium capacity were 102 ± 1% and 97 ± 3%, for the 28-day and 42-day exposures, respectively. Snips were taken from braids after each treatment step for FT-IR analysis to further evaluate the effects of KHCO3 elution followed by a NaOH rinse on the surface chemistry of the adsorbents. FT-IR spectra of the ORNL AI8 adsorbents at four different stages in the load/recycle process (before seawater exposure, after 28 days seawater exposure, after KHCO3 elution, and finally after a NaOH rinse) are shown in Figure 8 . Quantitative results of two signatures related to amidoxime ligand (intensity of the 928 cm -1 peak (N−O stretching) and the relative ratio of the 1643 cm -1 /1559 cm -1 peaks (C=N/−COO − stretching)) of the four stages were listed in Table 3 . After the braid was in contact with seawater for 28 days, the 928 cm -1 peak decreased 12%, suggesting the degradation of amidoxime ligands. However, both KHCO3 elution and NaOH rinse did not further alter the 928 cm -1 peak intensity. A significant decrease after seawater exposure, but not after KHCO3 and NaOH treatments, was also observed in the 1643 cm -1 /1559 cm -1 peak ratio. The decrease in ratio of the 1643 cm -1 /1559 cm -1 peaks is a combined result of decrease of C=N and increase of the −COO − peak. These results demonstrate that both KHCO3 and NaOH treatments are very mild and do not damage the amidoxime ligands. This stands in marked contrast to acid leaching where significant degredaton can occur (Pan et al., 2016) . Moreover, this FTIR spectra evidence supports our hypothesis that amidoxime ligands are converted to carboxylate ligands during seawater exposure. The performance of uranium adsorbents after multiple load/stripping cycles was evaluated. An ORNL AI8 braid was re-used four times (five total exposures) with KHCO3 elution followed by NaOH rinse after each seawater exposure. After the first re-use (or third deployment), the uranium adsorption capacity decreased significantly with re-use ( Figure 9 ). The 56-day uranium adsorption capacity, saturation capacity, and half-saturation time for the different re-use cycles is given in Table 4 . The uranium adsorption capacity dropped substantially beginning with the 2 nd re-use (3 rd exposure). Relative to the capacity of the initial exposure, upon re-use the 56-day adsorption capacity dropped to 97%, 70%, 46%, 28% in the 1 st , 2 nd , 3 rd , and 4 th re-uses, respectively. Concomitantly, both the saturation capacity and half-saturation time also decreased with the number of re-uses. We hypothesize that the drop in performance with re-use is caused by conversion of the grafted amidoxime to carboxylate during seawater exposure, not by the slower adsorption rate. Figure 9 . Uranium adsorption kinetics of an ORNL AI8 braid that was subjected to five, 28-day exposure, adsorption/stripping cycles. All data were normalized to a salinity of 35. The kinetics data were modeled using one-site ligand saturation modeling. To investigate the cause of poor uranium adsorption capacity after multiple re-uses, braid snips collected at different time points during the course of re-use experiment were analyzed by FT-IR (Figure 10 ). The FT-IR spectra clearly show that the 928 cm -1 peak (N−O stretching) and the 1643 cm -1 peak (C=N stretching) became smaller over time; while the 1559 cm -1 peak (-COO − stretching) increased. The decreases of peak intensities of N−O stretching and C=N stretching suggest the degradation of amidoxime ligands. The concurrent increase of peak intensity of -COO − stretching suggests the formation of -COO − from degradation of amidoxime ligands during seawater exposure Pan et al., 2016a) . The potential degradation of amidoxime ligands to carboxylate group during seawater exposure is further supported by comparing the ratios of Ca vs. U and Mg vs. U (Figure 11 ). Both Ca 2+ and Mg 2+ are the major doubly-charged cations in seawater and their binding on the ORNL polymeric adsorbents is primarily on carboxylate group, not amidoxime ligands . Thus, ratios of Ca/U and Mg/U can be usful indices of degradation of amidoxime-based adsorbents. The significant increases of the two ratios in Figure 11 point to the degradation of the tested ORNL AI8 braid and are consistent with the observations on both uranium adsorption performance and FT-IR spectra. Figure 10 . Comparison of FT-IR spectra of an ORNL AI8 braid underwent a 28-day initial seawater exposure followed by re-exposures after the KHCO3+NaOH elution. The Each spectrum was from a braid snip sampled at a specific time point during the course of seawater exposure. The spectra were stacked from bottom to top with increasing seawater exposure time.
Reusability of the ORNL Adsorbent Formulation AF1
The reusability tests conducted for the AI8 formulation were repeated using the ORNL amidoxime-based braid formulation AF1. For these experiments, the recycle period was lengthened to a 56-day exposure and the time course sampling frequency was increased to provide more detail. As shown in Figure 12 , along the course of seawater exposure, the peak intensity of 928 cm -1 (N−O stretching) and the 1643 cm -1 (C=N stretching) decreased over time; while that of the 1559 cm -1 (-COO − stretching) continuously increased and eventually was higher than the intensity of 1643 cm -1 peak. Using peak intensity of the 928 cm -1 peak (N−O stretching) as a proxy of amidoxime ligands (Figure 13 ), the amidoxime ligands decreased substantially even during the initial 56-day seawater exposure (~35% decrease in 928 cm -1 peak intensity) and further decreased during seawater re-exposure in the first re-use (~65% decrease at the end of the first re-use). Evidence of an increase of carboxylate groups from degradation of amidoxime ligands is supported by ratios of Ca/U and Mg/U (Figure 14) , which show marked increases from the initial seawater exposure to the 1 st and 2 nd re-uses. The significant temporal changes of surface functionality of the adsorbent during seawater exposure (Figure 12 ) and the insignificant change of FT-IR signatures following KHCO3 elution and NaOH rinse (Figure 8 ) indicate that degradation of amidoxime ligands happened during the seawater exposure, not as a result of the uranium stripping processes. While the degradation of the amidoxime ligand from seawater exposure is clear, the mechanism(s) (e.g. biological or chemcial) are still unknown. 
Effects of seawater exposure time and adsorbent types on adsorbent reusability
The observed degradation of amidoxime-based polymeric adsorbents during seawater exposure (Figures 10-14) suggests that total seawater exposure time is a critical parameter limiting the reusability of adsorbents. More natural organic matter adsorption on uranium adsorbents also will occur during prolonged seawater exposure, as demonstrated in Table 2 . In addition, exposure in unfiltered seawater will result in a loss of adsorption capacity due to biofouling, which also varies with exposure time . Collectively, these observations permit us to hypothesize that the longer the seawater exposure time, between each recycling event, the greater the overall performance drop will be for adsorbent re-use.
To test this hypothesis, two ORNL AI8 braids were exposed in the same flume but with different seawater exposure times. One braid was on 28-day cycle and the other was on 42-day cycle. After each seawater exposure cycle, the braids were stripped of uranium and adsorbed organic matter using KHCO3 elution followed by a NaOH rinse. The braids were re-deployed to start a new cycle of seawater exposure (re-use). The braid with 28 days seawater exposure cycle was re-used four times; while the braid with 42 days seawater exposure cycle was re-used three times. This resulted in a total deployment time of 140 days for the 28-day cycle exposure and 168 days for the 42-day cycle exposure. The results of this experiment are depicted in Figure 15 . Figure 15 . Recovery of uranium adsorption capacity of two ORNL AI8 braids in re-uses. One braid was on 28 days seawater exposure cycle (four re-uses were conducted); another was on 42 days seawater exposure cycle (three re-uses were conducted). KHCO3 elution + NaOH rinse were used to remove uranium and organic matter from braids before re-uses.
As shown in Figure 15 , both braids have nearly 100% recovery in uranium adsorption capacity in the first re-use, but recovery dropped for both cycle times starting with the 2 nd re-use. In general, the braid that was exposed for a 42-day cycle had a lower % recovery in each re-use cycle compared to the braid that was exposed for a 28 day cycle. This result supports the hypothesis that the longer the seawater exposure cycle, the lower the recovery of uranium capacity for each adsorbent re-use.
To gain more insight into the effect of seawater exposure time, the recoveries of uranium adsorption capacity of the two ORNL AI8 braids were compared relative to cumulative seawater exposure time (Figure 16 ). Both braids showed linear decrease in recovery of uranium capacity after the first re-use. Interestingly, under the same cumulative seawater exposure time, the braid with the 42-day exposure cycle shows higher recovery than the braid with the 28-day cycle. For example, at 84 days cumulative seawater exposure, the braid with 42-day exposure cycle (one reuse) has 97 ± 3% of recovery, but the braid with 28-day exposure cycle (two re-uses) has 78 ± 9% of recovery. This suggests that the shorter-term seawater exposure does not benefit the overall capacity recovery of adsorbent. Since the shorter-term seawater exposure is associated with higher re-use frequency of the braid, it is possible that the capacity recovery is affected by the number of re-uses, not the total seawater exposure time.
FT-IR observations of the experiment suggest that the braid leaching processes didn't cause significant degradation of the amidoxime ligands (Table 3) . Furthermore, the intensities of the FT-IR signature peak at 928 cm -1 (N−O stretching) indicate that the braid with the 28-day exposure cycle still had a higher percentage of remaining N-O peak compared to the 42-day exposure cycle counterpart at any given time point (Figure 17 ).
The disagreement between percentage of remaining amidoxime ligands and the recovery of uranium capacity from the comparison of the two ORNL AI8 braids is puzzling. It appears that the abundance of amidoxime ligand alone can't explain the performance of uranium adsorbents. As such, it is also not possible to identify a threshold of amidoxime abundance to determine the reusability of the adsorbent. Our results demonstrate the complexity of reusability of uranium adsorbent in real seawater. The adsorbent reusability may be a function of many factors such as amidoxime stability in seawater (this study), physical properties of adsorbents , organic matter adsorption, biofouling, interferences from other competing ions, and the adsorbent types, etc. 
Simultaneous Reusability Test with Three Different Amidoxime-based Adsorbent Formulations
We specifically tested the reusability of braids with different adsorbent formulations. Three ORNL braids with different formulations, AI8, AF8, and AF1-DMSO, were used in this test. All three braids were tested in the same seawater flume with a 28-day seawater exposure cycle. The major difference between the three braids is the comonomer used. The AI series adsorbents have vinylphosphonic acid comonomer; while the AF series adsorbents have an itaconic acid comonomer (Das et al., 2016a,b) . The difference between the AF8 and AF1-DMSO is on different monomer/comonomer mol ratios .
The comparison of recovery of uranium adsorption capacity from re-use for three different formulations of amidoxime-based adsorbents is shown in Figure 18 . The AI8 formulation had the best adsorption capacity upon multiple re-use. In the first re-use, the AF8 braid's capacity recovery (97±1%) was comparable to that of AI8, but the AF1-DMSO's recovery was only 79±4%. In the 2 nd re-use, both AF8 and AF1-DMSO braids' recovery (49±2% and 55±6%, respectively) were significantly less than that for the AI8 braid (78±9%). These results indicate that reusability indeed is related to adsorbent formulation. Although AF8 adsorbent has good recovery in the first re-use, it also shows marked decrease of capacity recovery in the 2 nd re-use, the same as AI8 adsorbent. 
Total Harvestable Uranium
The ultimate goal of reusing an adsorbent is to harvest the highest quantity of uranium during the lifetime of the adsorbent or "total harvestable uranium". Determination of total harvestable uranium is another means to assess what deployment strategy will yield the maximum amount of uranium before the adsorbent performance is exhausted. Total harvestable uranium is determined by summing the total mass of uranium obtained per kg of adsorbent (i.e. an adsorption capacity, g U/kg adsorbent) for each deployment. For example, for a braid re-used three times, the total harvestable uranium is the summation of adsorption capacities from the initial exposure, the first, the second and the third re-uses.
As shown in Figure 19 , the ORNL AI8 braid with a 28-day exposure cycle reached 10g of harvestable uranium in ~140 days. The AI8 braid on a 42-day exposure cycle took about 20 additional days to reach the same mass of total harvestable uranium. This comparison of cycle times suggests that a higher amount of uranium can be extracted with a shorter seawater exposure cycle (higher re-use frequency). It is important to note that this exposure time cycle assessment dies not consider the costs associated with the deployment strategy. While a 28-day exposure cycle may harvest more uranium in a shorter time, it also requires more re-uses than the 42-day exposure cycle and thus is likely to be more costly in the operation/logistics. However, novel adsorbent deployment/elution processes such as a symbiotic offshore energy harvest system (Slocum, 2015) may significantly reduce the cost of operation/logistics and thus favor the short-term cycle/high frequency re-use approach.
It is also important to note that the exposure tests in our study were all in 0.45 µm filtered seawater, which greatly reduced the occurrence of biofouling. Park et al. (2016) have demonstrated that biofouling can have a significant impact on the ability of an adsorbent to sequester uranium from seawater. Since biomass accumulation is a function of seawater exposure time, the shorter seawater exposure cycle is preferable for avoiding the significant biofouling accumulation and its negative effect on uranium adsorption.
Finally, we also compared the total harvestable uranium in three different ORNL adsorbents (AI8, AF8, AF1-DMSO) (Figure 19 ). In 84 days cumulative seawater exposure, the total harvestable uranium performance is AI8>AF1-DMSO>AF8. In 84 days, the AF8 braid with 28-day exposure cycle has less total harvestable uranium than the AI8 braid with 42-day exposure cycle. These results again suggest that performance of uranium harvest by reusing adsorbent is affected by adsorbent types.
Summary and Conclusions
In our last adsorbent reusability report, we identified that KHCO3 elution is a green, cost efficient way to strip uranium from ORNL amidoxime-based polymeric adsorbents. In this report we further identified that the addition of 0.5 M NaOH rinse step after KHCO3 elution can remove the organic matter adsorbed on adsorbents and significantly reduce the negative impact from natural organic matter coating on re-use efficiency of adsorbents during long-term real seawater exposure. Using KHCO3 elution + NaOH rinse approach, for the first time, we can achieve near 100% recovery of uranium adsorption capacity. FT-IR signatures of adsorbents before and after KHCO3 elution + NaOH rinse show that no significant change in the surface functionality of adsorbents, indicating that KHCO3 elution + NaOH rinse is a very mild uranium stripping method and didn't cause damage on the adsorbents.
The further re-uses of ORNL adsorbents show decrease of capacity recovery after the first reuse. Multiple lines of evidence (FT-IR signatures, Ca/U and Mg/U ratios) suggest that the potential cause of decrease in recovery is degradation of amidoxime ligands during seawater exposure. The mechanism of amidoxime ligands in real seawater is still unclear at this point. It can be chemical or biological degradations or the combination of both. But this observation points to the potential negative effect from prolonged seawater exposure.
The comparisons of capacity recovery between two ORNL AI8 braids with different seawater exposure cycles (28 and 42 days) show that adsorbent with shorter seawater exposure cycle has better recovery in uranium capacity after re-use. However, on the basis of cumulative exposure time, the braid with short seawater exposure cycle didn't show better capacity recovery than the braid with long seawater exposure time, although FT-IR signatures do reveal that the braid with long seawater exposure time has more amidoxime ligands degraded. Therefore, the abundance of amidoxime ligand alone can't be used to assess the performance of adsorbents in seawater uranium adsorption. As we also observed that different adsorbent formulations have different reusability performance, we conclude that adsorbent reusability is a function of multiple factors such as amidoxime stability in seawater, physical properties of adsorbents, interaction with natural organic matter, biofouling, interferences from other competing ions, and the adsorbent types, etc.
Performances of adsorbents with multiple re-uses were further evaluated by their total harvestable uranium. Results of this analysis suggest that uranium adsorbent with shorter seawater exposure cycle (higher re-use frequency) can yield higher total harvestable uranium in a shorter time compared to the same adsorbent with longer seawater exposure cycle (lower re-use
